
Va
[V.
V.

3

■>:

>!

;-4

UNaASSIFIED

■ .* 

xi

firnii'Services lechnicai InforniatioPIgency
Reproduceii by

DOCUMENT SERVICE CENTER
KNOTT BUILDIN6, DAYTON, 2, OHIO

Thi<: document is the property of the United States GoremmenL It is furnished for the du
ration of the contract and shall be returned when no longer required, or upon recall by AST1A 
to he following address: Armed SerTlces Technical Information Agency, 
Document Serriee Center, Knott Building, Dayton 2, Ohio.

NOTIO’2: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA 
..R/T ’PTD for any PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED 
COVER TI-TENl' PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS 
NO RJ:5 .*« 'NSIBILITY, nor any OBUGATION WHATSOEVER; AND THE FACT THAT THE 
C«:>VER YfENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE 
a/JD >1'/WINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY 
IMPL C \TION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER 
PERS» OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE, 
USE CR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETa

UNCLASS!!
-V



3s 

AIR FORCE 

INSTITUTE OF TECHNOLOGY 

AIR UNIVERSITY 

RESIDENT COLLEGE 

WRIGHT-PATTERSON AIR FORCE BASE-OHIO 



ATTADDEMT OF MEUIP.OS FLTDC-SJECXBA 

FROM 

FOIL ACTIVATIONS 

THESIS 

Presented to the Faculty of the School of Engineering of 

the Air Force Institute of Technology 

Air IhiTersity 

in Partial Fulfillnent of the 

Requirement for the Degree of 

Master of Sci«nc« 

By 

Paul Michael üthe, Jr., 6.S.E.P. 

1/Lt U.S.A.F. 

Graduate Nuclear Engineering 

March 1957 



I 

QNE-9 

Prefac« 

It is the purpose of this thesis to describe several aetbods of 

obtaining neutron flux-spectra information from foil data* These 

methods, although presented in considerable detail, are not yet in 

optimized fom. It is hoped that this can be done in the near future« 

lb Is well known that threshold and fission type foils are most 

advantageously used to generate integral flux data. Since radiation 

effects invüstigators usually desire dose parameters rather than flux 

parameters, a method of calculating the dose from integral flux data 

is presented in Appendix JU 

The author wishes to thank Dr. W. J. Price and Lt. Col. B. 2. 

Robertson for their helpful advice and consideration. The author is 

greatly Indebted to Lt.V. R. Burrus, Materials Laboratory, for his 

many pertinent suggestions and comments. Dr. H. A. Edwards, Lt. T. A« 

Brown, and their associates of the Computations Branch, Aeronautical 

Research Laboratory, suggested some of the mathematical techniques 

and hiidled the progranlng of the digital conputar. Kr. S. A* 

Szsvlewicz, Materials Laboratory, gratiously made the necessary finan- 

cial arrangements for the computer program. Without the ideas and 

assistance of any of the above mentioned people, this thesis would 

not have been possible. 

Paul M. Dthe, Jr. 
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Abstract 

Several analytical methods are described for obtaining neutron 

flux-spectra knowledge from, foil data«   The response functions used 

ere the nuclear reaction characteristics of threshold« fast fission« 

arid resonance type foils« 

Tvn previously used methods and two nev methods are discussed. 

The previously used methods ere the Trice Method and the Cadmium 

Difference Method«    The Trice Method, applicable in the fast neutron 

energy region, uses a ■step function* cross section representation« 

The step function energy threshold is determined by assuming a differ« 

ential flux function«    The Cadmium Difference Method, applicable in 

the 1/E energy region, uses the resonance activation integrals of 

resonance type foils as cross section parameters«   Although consid- 

eration is given to these methods, major interest is focused on two 

new methods«    These methods are called the Polygonal Method and the 

Polynomial Method« 

The Polygonal Method uses the cross sections in their true form 

and represents the flux-energy spectrum by a combination of linear 

functions of energy«    In performing the necessary calculations, diffi- 

culty in selecting certain energy parameters is experienced« 

The Polynomial Method uses the cross sections in their true 

fot u and represents the flux-energy spectrum by a weighting function 
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tlmae a polynomial«    The degree of the polynomial is one less than 

the number of different foils used«   A digital computer is eonrenieatly 

used for the required numerical calculations« 

The result of aeveral test cases using the Polynomial Method 

indicates that considerable improrenent orer the Trice Method is 

achieved« 

• 

Til 

• 



e,*/e-f 

iTTAINHZRT (F BBDIRON FLUX-SIECTRA 

ROM 

FOIL ACTIVATIONS 

I.    Introduction 

The ptirposa of this tbssis is to describe several methods for 

obtaining neutron-flux spectra» in high intensity reactors*   Know- 

ledge of the neutron flux enrironnent is required for the effective 

interpretation of the results obtained from radiation effects exper- 

insnts.   The analysis methods described are designated as» 

A. The Trice Method 

B. The Cadaiua Difference Method 

C. The Polygonal Method 

0. The Polynojdal Method 

These oethods are presented in Sections 3» 5* and 6 respectively. 

The analysis methods are based upon the nuclear reaction charac- 

teristics of three types of foils; (l) threshold, (2) fast fission, 

and (3) resonance« The word "foil" does not imply a physical charac- 

teristic; i.e., a foil «ay be in powder, pellet, liquid or other 

♦ In the remainder of this report, "spectra" signifies "energy spec- 
tra." ' 

0 
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physical for».   The word "radioactiTant", thoti^i not commonly used, 

would be »ore appropriate« 

Major interest is focused on the threshold and fast-fission types 

of foils*   For the sake of generalty* some brief commants regarding 

resonance type foils are included.    It is beliered, however, that the 

calculational natbods derived are sufficiently general so as to be 

applicable to any detector system* 

Of the many techniques that have been used to determine reactor 

neutron spectra, the foil technique is the most often used«    This is 

so, not because the foil gives the most precise Information, but 

because it has the greatest compatibility with the nuclear and phys- 

ical reactor characteristics.   Three specific reasons for this general 

acceptance «re as followst   (l) only a few milligrams of foil are 

needed in most cases; (2) the foil, with suitable cover, is the com- 

plete detector) and (3) all analysis is done in a convenient nuclear 

counting room after irradiation*   It is not surprising that the 

radloactivant foil has achieved such popularity in this era of large 

and conplicated «jcperinents* 

On the other hand, the use of foils does introduce several com- 

plications.   Extreme care must be taken in the processing of the 

foils (both before and after irradiation).   If this is not done, 

misleading results may be obtained.    In the end, the proper use of 

foils reduces to an art rather than a science, for once the correct 

• 
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Irradiation and counting data are recorded« spectral infornatlaa em b* 

generated from the original data as better analytical niathods become 

available*    In this study, analytical methods will be emphasized.   As 

of this writing, the methods have not been subjected to a j^ood test 

or Intercomparlsonj however» It Is hoped that this can be done In the 

near future. 
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II«   Cbaracterlstle« of roll« 

General 

Before the analytical methods can be discussed, it is necessary 

to discuss the nuclear characteristics of certain types of foils« 

This is necessary because the usefulness of the analysis methods is 

directly dependent upon the neutron reaction characteristics of 

certain types of foils« 

In general« when materials are irradl&ted in a neutron flux« 

neutron induced transmutation of their nuclei may occur«   As an 

example, neutron-gamma (ntV), neutron-proton (n,p), and neutron- 

alpha (naO reactions occur in aluffilnum-27 when this material is 

irradiated in a nuclear reactor«   Each of these reactions leads to 

a nev and different isotope, each isotope being radioactive«    It is 

the radloaetive decay of the isotopes which Is observed in the 

counting room. 

The reaction probabilities or cress sections are functions of 

neutron energy«    It is the unusual nature of the reaction cross 

sections of several materials which is responsible for their use- 

f    ".33 as neutron flux-spectra detectors« 

The number of particular transmutations occurring in a unit 

interval of time, per unit volume of material, due to neutrons having 

energies in the energy range dS about X ist 
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^i « = ^(B) 0-00 dl (2) 

Where: H(S} dB a the number of transmutations per cc per see 

due to neutrons in the energy range dB 

about Z. 

f[e) = the differential neutron flux in neutrons 

per cm? per see per energy interral. 

H^ity  = the probability of the .1th type of trans» 

mutation occurring per unit distance of 

travel of a neutron with energy E, 

N - the number of pertinent isotopie nuclei 

per ce, 

<^ffJ - the microscopic cross section for the 1th 

type of process in cnr« As mentioned 

previously, the microscopic cross section 

is usually expressed in units of barns. 

Äs an illustration of how a particular type of cross section can 

be used to obtain spectral information, the following example is 

• -    •    • • 
presented: 

' Let the activation cross section be a finite constant for all 

neutron energies greater than £} and less than E2 and zero for all 

other energies. A graphical plot of this highly idealized cross 

section is given in Fig. 1. 
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upon Irradiation In an unknown flta,(p(E), the total fl-or between 

S, and E2 can be determined as the Integral of the differential flux« 

This is shown hj the followingi 

rOO rE- 
Reaction Rate = R = H \     tf^E) 4(E) dB = R^\    $&) dK 

s: 
Solving for the total flux integral! 

It is assxaosd that the result of the 1th type of transmutation gives 

an isotope whose quantity at any tine can be determined, that the foil 

did not perturb the flux, and that the flux is tine independent. . 

Threshold Type Foils 

A graphical plot of the idealized threshold type cross section la 

shown in Fig. 2» 

Froa the calculus, a result similar to the one previously obtained 

can be derived as shown below» 

fOO _ fOO 
v    4>(E) q(E) d2 =   q\ 

It is sees that this type of foil will determine the total neutron 

flux above Bj.    If several foils are used which have differing B^'s, 

it is possible to determine, in theory, the total flux between any two 

thresholds.    In this manner, a histograa type of spectra representation 
« 

*   A - £j and will be called the "saturated activity*. 

A = \$(E) q(E) dB =   ql     CJ)(Z) dB = q<f{Bj)     •       (3) 
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can be generated by simple subtraction. 

Ihforttnately, no materials exhibit such an idealized threshold* 

Figure 3 is a graphical presentation« with curve smoothing} of the 

ci-oas sections of some of the commonly used threshold type foils.    Th« 

fast fission foils are included for they also «re of this nature, 

indeed even more so* 

The variability and non-analytical behavior of these cross sections 

are responsible for the difficulty in obtaining good spectral infor- 

mation from foil maasurements« 

Resonance Type Foils 

If the foil cross section shown in Fig. 1 were of such a width 

in energy that  <}{&) could be considered a constant in this rang«} 

then by the calculust 

•00 

\. 

Where ^(Ej^) = <p(22) = a constant. 

By this method, the differential flux at E,  can be obtained.    If 

several foils with narrow and separated reaction intervals (E^ to E2) 

were available, the differential flux at the pertinent energies could 

be obtained.   Drawing a smooth curve through the plotted points would 

yield a reasonable graph of the differential neutron flux (excluding 

fine strv-ture).    If materials existed with these cross section char- 

acteristics and if their reaction intervals were sufficiently separated 

so that the total energy interval would be 1 ev to 10 Mev, then the 

A » ^    <j>(E) q(E)dE « q $&{) [B2 - BJ (.H) 
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problea of obtaining a neutron flux-epectnm would b» greatly reduced» 

Ihfortunately, this is not the case. 

The resonance type foils that have been used In the past have 

cross sections obeying, in general, the Briet-Wigner relationship. 

Few of these cross sections have actually been measured directly, but 

semi-quantitative values can be calcolated by using the Briet-Wlgner 

fontnla with the measured energy widths» peak energies, and/or maxi- 

jiura cross sections [UilSj.      A simpler cross section parameter is 

the empirically determined resonance activation integral; however, 

reliance on resonance integrals often leads to misleading and inaccu- 

rate results because of the difficulty in talcing into account all 

the necessary corrections« 

For a more complete discussion on the resonance problem, the 

reader is invited to read Hughes' Pile Weutron Research.    Suffice it 

to say here that a real cross section problem exists in the resonance 

region, that is, between 100 Kev and .025 ev. 
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in.    The Trlee gfethod and the Cadnd« 

Difference Method 

Introdttctioo 

Present evidence Indicates that« in general, any reactor neutron 

spectrum above the thermal energies may be divided into two parts. 

One of these exists at energies greater than 1 Mev and has the general 

charactexlstics of a fission spefctrvm.   The other« a result of neutron» 

being "slowed-down" by elastic collisions, occurs at energies belo« 

1 Mev and has an approximate ly'B behavior.    Although these general 

postulates are crude, they have been used with notable success. 

For lack of a more appropriate name, the fast neutron technique 

discussed in this section is called the "Trice Method".    Mr. J« B. 

Trice, then of the Oak Ridge National Laboratory, originally instructed 

the author in the usefulness pf this method. 

The method used for the 1/^ spectral region Is coranonly called 

the "Cadmium Difference Method". 

The Trice Method 

Threshold and fast fission type foils are used to determine the 

flux-spectra in the fast neutron region (Mev region), for effective 

thresholds of presently available materials range from approximately 

0.7 to 8 Mev. 

11 
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Tha probability of finding a spectrum with the general character* 

istics of a fission spectrum indicates a method by which the actual 

fast-neutron cross sections can be transformed into idealized thres- 

hold types.    This is done tj using the activation formula, Eq.  (2), 

to determine an effective threshold, Ee. 

The calculatlonal techniques are as followss 

It   A value of an effective cross section is selected; this is 

denoted as <r-' , a constant.    (The value of the cross sections near the 

effective threshold are the most important because of the decrease of 

flux with energy») 

2.    The activation integral is equated to the simplified Integral. 

P00 i -C00   i 
V       (r(E) <f(E)dE s (TJ      ())(E)dB 

e 
3«    a) (E) is assumed to have the form of a fission spectrum». 

The following representations have been proposed» 

(i (B)     öC   e"E sinhVU (Watt) (5) [l3« •]    or, 

c|) (E)     oC   e"2/*965 sinh V2.29E      (ihlv- of "California") 

ti.    Using the tabvilated Y(E) values, the activation integral is 

numerically integrated. 

ü>.    The vali« of the simplified Integral is found. 

roo    . .    roo 
V <()(E)dE=_i-  \       (r(E)   <j)(E)dE 

♦ These function«, normalised to ur.it area, are tabulated in Appendix 
C. 



t 

.'■■ 

6.   Ee Is determined from the (1)(E) tabulation.    In this Manner» 

the true cross section is replaced by a step function, the threshold 

energy being determined by the expected spectral form, the fission 

spectnuu 

As an example, a calculation is mad« of the P^ (n, p) Si 

effective threshold. 

00 

S C (S)   <b(E)dE - 23.6^     (using California spectra) 
0 7 

tt s 80 ab 

2380$   -   \      (f)(E)dE = .296 

from ffi(E) tabulation, Be " 2.5 Mey.. 

Figure U shews the transformation made in the r    (n, p) St^ 

cross section by this method. 

A list of the effective threshold? and saturation cross sections 

for several materials are listed In Table 1. 

In an actual experiment, the foils are not usually Irradiated to 

saturation and are not counted immediately after irradiation.   The 

following formula, derived in the standard xanner, gives the approxi- 

mate value of the Integral flux from the ezperimentally determined 

activityi 

s       -"■      ■ 
$cg = [ 4>f£) de   =   —r    —rvx   • -— C7) 

'< 
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Where:    S = activity at T tine after irradiation, in dis/aec-mg, 

(T = microscopic cross section in cm^* 

M0 - atcans/mg of purs isotope present« 

/I = decay constant of transaatation product or .693/Ty 

^C^e') =  \   <i(£)j£i the total neutron flux above the 
o 

energy Ee—the integral flux« 

yO   = differential neutron flux, see Bi« (2)« 

T"   • time after irradiation« 

t   = irradiation tine. 

6   ■ counter efficiency 

By using several different foils, it is possible to make a plot 

of the integral flux versus energy«    If the curre drawn through the 

experimentally determined points does not approximate a fission 

spectrum, the validity of the spectral kacwledge gained is uncertain« 

Another defect is that the true cross sections are not most advanta- 

geously used when they are transformed to a step function« 

An investigation has been made as to the degree to which this 

method will predict the correct spectrum in the absence of a fission 

spectrum.   The numerical results of this test are shown in 7ig, 5 and 

6.    The spectra assumed were as follovsi 

1. (p (E) = .0715 per Hev for S less than Ik Mev, 

0(E) = 0 for S greater than U Hev, (8) 

2. ^(E) = .38 per Mer for E greater than 0 Mev and less 

than 1 Mev. 
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Table of (c,p>, (iia4.}» ana (n, f) Threshold 

Besctions 

Reaction 
(fiar) (bama) 

Half life 
of Produst 

P31 (q,) Si3l 2-5 .075(a) 2.62 h 

s32 (np) P3? 2.9 .300^ U.3   d 

Al27 (^ Mo0
27 5-3 .080^ 9.8   a 

Ki^8 (ig,) C058 5-0 1.23 (c) 72       d 

Si28 (ig,) Al28 6.1 .190^ 2.3   a 

^O24 (^) Ma24 6.3 .OlfiM 15.O   h 

Al2? (n-0 Na2^ 8.6 .uo(e) 
15.0   h 

Np237 (nf) -Z5 1.52 <a> "V 

^S (nf) UlS .5k M >  See Text 

Th232 (nf) 1.-5 .I5(a) 
i 

(a) Ref. 3, page 105. 

(b) Rsf. 3« page 108, and Ref.  7, page 106. 

(c) Ref. 2. page 29. 

(d) Ref.  9, page 248.    EX-325 value at 14 MOT used for noraaliaatlon,* 

(e) Ref. 12, page 343.    EX-3?3 value used for nomalization. 
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<P (S) ■ o8/5 per Hev for E greater than 1 MOT and !••# 

than 1U HST. 

<p (E) = 0 for E greater than Hi MOT, f <J) 

3.    da (E) = .0102(12;^) per Mev for S less than lu Yar. 

C^ (E) = 0 for E greater than 1U Me*. (/o^ 

U.    (^ (E) = .U5]i9"E/*965 sinhVUi^per Her fer all E 
i 
l (California fission fipectmm). 

In view of the errors ensoisitered in making any foil neasurensct, 

it is apparent that the Trice Methods give reasonable resnlta (£  $5%) 

eirea lAen the actual speotrum differs vastly froa the fission apestroaa 

By making a correct asstmptlon regarding the true spectricn, it is, of 

f - course, possible to calculate the thresholds in such a manner as te 

get correct results5 however, the labor involved in doing this vould 

not be insignificant» 

In a thermal reactor, a spectrum having a shape combining a 

fission and a _±_ spectrum is anticipated.   Fcr this type of sltuatica, 

it appears that the Trice Method would give quite acceptable results. 

As an illustration of an actual reactor neasurenent. Fig. 7 is « 

plot of a portion of the results obtained at the Materials Testing 

Reactor in 195U.    The prediction of this data is that the spectrm 

measured is very close to a pure fission spectrum. 

The fission rate (equivalent   to saturated activity) of fast- 

fission foils can be found by extrapolating froa the fission prcdurt 

decay curve I6:l53-l56j , cr by using a fast-neutron fission cbaaibe-. 
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Tn neutrtm fluxes abore 10* iieut5/cn2.sec>  znlj the first technlqu« is 

presently suitable 110sl6J.  0. S. Hurst has found that th« fission pro- 

duct gamma decay rate (greater than 1 Mev) is essentially tt« saa» f cr 

plutoniuiiH239» neptiinitsi-237j and rrar-luia-238, and is apparently Inde- 

pendent of neutron energy»    The details of this analysis «re not ?-*•- 

sented here, but can be fcrr-d in Ref. 5 and 6« 

.The Cadminm Difference Method 

The Cadmium Difference Method utilizes the resonance actiration 

integral of resonance type foils to achieve spectral knowledge in the 

1^5 region. The predominate reason for this is that the resonanca 

integral is better known than the trae cross section«   Th» disccsalcn 

/ is restricted to materials having resonances at energies grater thir. 

ICO ev.    The resonance ahscrptitn by cadmium and the shap» of th« 

cadmium transmission cunre are not important above this energy. 

00 
Resonanro integral =    \ T   dEy^. 00 

^.Uc/ /*' 

It is asstmsd that .CIO initi cadniura covers are used, an Isotropie 

flux distribution exists, and the naterial is present in such small 

quantities so as not to perturb th« flux In the resonance region« 

For a pure l/v activation In a dE/t type cf flux, the thermal 

cross section (2200 m/sec) is two tires the activation integral. 

This is shown by the follcvingi 

C = -   .cross 3set!en & Vl- where K Is a constant« 
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«>    .     - - -     -        -. -—~ - 2.0 

(n) 1*/ <•/ 

The total epi-c&disiun AitlTation 13 proportional to 

^ 

J     r      Ji - resonare? äctlTatloa 

When the feil la irradiated without cadalvca (tare), the tctal 

actiTatlcn is given ty the f ollcwings 

V-eS    <kh^4^     -p f/^T) 

■Hheres    V^,^ - the saturit-ed acli-ri-ty without cadaiuau 

9 th ^ +-he' '!-h-r3:^1 -e^f-c- f^« -— th6 total ther- 

nal neutron density tines 2,2 x ICr cm/aec» 

^^ s the 22'JC z/mc activation crcas sectlcc. 

J 0 -E^E), a ccsatant. 

^  - xhe activation crcsa sertion as a function 

cf energy. 
■ 

E^- - the •rn'trgy at which the rescname flux j'AtM 

tha th^rKal lluz. 
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The lower limit of the ahcv* Integral is tsk*z. as E^-, for la «a 

actual actiration sooa ceutrcns art absirted in slowing dcvn f^cz .4 

er to thermal.    The energy, E , for whi;h the cR/S and the Maxwell 

distributions are equal in a graphite mcdcrattd, r:on tenpe^atiu'e 

reactor is approximately .21» ev.    The following calculation Irdisates 

the isyortanse c? this region for a pure l/v foil. 

4 .4 

The total activation cf the fell Irradiated with a .010 incfc 

cadrcium cover in an isstrcpl; l/Z !lvx is as fcilsvai 

rOO 
.d=t\.cr^ fir) Acd 

Irradiated without cadraltaRi  th^ total activation i« as f ?i;*."vj» 

~   4*^ WS(.^V   * il r^/*' 
* (is) 

The cadmium rail:. Cl, is glv*r. cj the fcllowingl 

r 
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".4 

Now»    V- is ustially much less than   cL     ( V*.-^4   ~ /&i)  ); there- 

fore, the .12 <p0^ .ooi 9^   and can ba neglected. 

Searranging. 

Bot, 
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So,   ' 

The usual practice in making a seasucement in the 1/JE region is 

to determins the therr^l flvac by cobalt, geld, or indium irradiation. 

The eadndura ratio of several ef the äet?;tc«rs listed is Sable 2 la 

then determined by irradiation and counting.    If the SFectrtnt Is indsftd 

I the l/Z type, th« £9   determined for each resonance detector should b» 

the sane»   The differ*ntial flux is then given to be the following» 

Sie) s S^ jt: (over the range of energy dateradned 

by the detettora.) (2V) 

t If the    Cja are not approxlttateiy the same9 little can be said 

about the spectrum. 

In all such measurements, care should b« taken to insure that 

the correct cadmium thicknesses are used (in the above example .010 

Inches), and that the resonance detectors used do not appreciably 

perturb the flux.    In addition, it is not usually advisable to Irradi- 

ate bare and cadmium covered foils in the same location at the same 

tims. 

Discussion and Conelusisns 

_ By combining the results obtained by threshold and resonance type 

foils, a crude picture of the neutron flux-spectrum of a reactor can 

many times be obtained.    A l/E extrapolation fr:m 9100 ev to the point 
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at vhich It meets the threshold fell curve is usually nadftj howeverj 

this does not imply measured results in this region.    At the low energy- 

end of the spectrum, the spectrum is assvuned to be 1^5 down to E^« 

Table 2 

) 

Table of Eessnanoe Parameters 

Reaction Resonance 1 Half Life 

X(n,r)I41 Energy (ev)      ~Jt <t of Product 

Cobalt-$9 120 2.0 r  5.3 7 

Manganese-55 260 1.0 1.33 2.6 h 

Copper-63 570 1.3 • .933 12.8 h 

Sodiuin-23 1710 ./«> 0 .238 15-   h 

Chlorine-37 1800 -^s 0 .079 38.   a 

Vanadium-50 3000 ^vO .13U 3.7Ua 

Al\niiinum-27 9100 .68 .159 2.3 a 

^-j's calculated from data presented in Reference JL» 

PC^'s obtained from Reference 10, 

T     (ca-i)ti-*- «ß^- 

Using ^.020 in. cadmium 
(.5 ev cutoff) 

Experimentally determined using 
.010" cadmlura. (CR-l)(l+iy 

The cC.'s listed above shculd not be used until shesked in knoVm 

1/S spectrum. 



Ghie-s 

17,   The Role of Orthogonality 

Introduction 

• In the following sections, several flux-spectra analysis nethods 

are discussed which require a minimum of spectral assunptions and 

which use the activation cross sections of foils in their true fo?a* 

That is, no approxi mat lens regarding step functions are made.   Befor» 
I 

progressing with a discussion of these methods in detail, it is test 
j 

to discuss them in a general manner* 

The general procedure has been to express the activations as a 

; linear combination of terms which depend upon some parameter describing 

*" the spectrum.    The number cf the equations is equal to the nunfcer of 

foils used. 

A general requirement in the solution of systems of equations is 

that the equations themselves be independent*   Since any analytical 

method of obtaining, flux-spectra Information from foils will be depen- 

dent upon the foil cress sections« it Is obvious that these functions 

must not be too similar. 

Two functions are said to be orthogonal if 

00 

0     ^ »» 

Whei 

S X^E) Xjr(E)dE « C (L
^ 

rfis I^CE) and I,.(E) are the functions. 

27 
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As a definition, I. (E) is said to be "independent" of 1^(2) if 

the' above integral is true« 

If    \      Ii
1(S)Xj1(E)d2 = 0, X^E) and I^CE) are said to be 

"dependent".   The functions 1^ have been ncrsalized so that« 

[l^E)]* S dE M 1 
0 

When the value of the orthogonality integral is between 0 and 1, 
i 

the functions are said to be partially "dependent", the degree of 

"dependency" hinging on the magnitude.    (The orthogonality integral, 

I as used here, is really the inner product of two normalized vector 

r functions in Hubert space — the magnitude being the cosine of the 
S . . 

apparent angle between the functions.) 

Threshold Type Foils 

In practical cases, the cross sections of the threshold and fast 

fission materials are not orthogonal. That is, 

'00 . 

0 '   'J I 
As a simple illustrative exanple of what can occur in solving 

nearly dependent equations, the following is presented» 

Let two hypothetical parameters, X and T, be represented by the 

following equations: 

101 -f- 2T = 2U = A 

91 -f- 21 s 20 * B 
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The solution las X - U 

1 = 8 

Now, let there be a four per cent error in A* Then, 

101 -f 21 = 23 

91 -»- 21 * 20 

The solution isi I s 3 

T = - 3.5 

This result shows that an error cf less than ££ in A will chang« 

the calculated value of I by more than $0%, 

Let it be assumed for a csssnt that Z and I are spectral pareneters, 

and A and B are foil activations. Then the coefficients of Z and I 

most be related to the activation cross sections, for the cross sections 

are the connecting "links" between flux and activation. How an exper- 

imental activation error of 5% is certainly not unreasonablej hsweve^, 

this errcr would generate an error cf ever 5C% in one of the calcu- 

lated spectral paraaeters* The reason for this is that the coeffi- 

cients are nearly proportional; the systea cf equations is said to be 

"poorly conditioned". 

The preceding dissuasion implies that difficulty may be experienced 

in accurately determining spectral parameters from any system of 

equations in which two or more cross sections are quite "dependent". 

As a useful technique in reducing this problem, use is made of 

the following identity»» 

* See Appendix D for derivation. 



GNE-9 30 

Where,     ^(E) =  \      ^(E)dB' (the Integral flinc). 

'0   ' ^0 

'00 

IK 

Since threshold detector cress sections Increase rapidly sear 

their thresholds, J*! is largest in the threshold region and qnlt« 

small elsewhere (see Fig. 3)»    Using the alternative activation 

representation, it maj be possible to solve a eysten of equations for 

<a with less error even though the cross sections are "dependent", for 

the derivatives of the cross sections may be quits "independent** 

Since threshold type foils are used in the fission spectma region, 

and the flux (either integral or differential) decreases rapidly in 

this region, it- is convenient to Introduce the following relationship! 

§- h.J' bs) 

Where,     ^ P e    - the integral fission spectrum function. 

O    = the ratio of the true integral spectrum 

to the integral fission spectrum.    This 

term is fairly constant in energy. 
f 
0 2 the true integral spectrum. 

Now, the activation equation can be written as the f ollowingi 

POO 
A=    \   5'5FS   ^iL.dB (2f> 

On F*S*    dS 
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Since O   is fairly constant in energy, a set of threshold type 

foils can "be considered as "independent" if : 
> 

$!; iHi iTs ^ -- o M 

for all J, ]r j      detectors. 

The above equation defines orthogcnality cf the cross section 

derivatives with respect to the paraneter & • 
1    7,5. 

Resonance Type Foils 

As previously discussed» the cross section» of resonance type 

foils are characterized by resonance peaks superimposed on a l/v dis- 

tribution«    Since the resonance peaks cf the detectors are generally 

narrow and separated in energy, it might be supposed that the cross 

sections are orthogonal.    lhfortuna*ely> this is true only if the l/r 

portion can be eliminated frcm the overall activation.    If the   <.'s, 

Eq,  (lli), of several foils are much greater than unity, the l/r acti- 

vation can be neglectedj if the   c^'s are less than unity, the major 

contribution to the activation is due to the l/v cross section.   Since 

most presently used foils have significant l/v cross sections and small 

Jl 's, they are highly "dependent".   Since the integrals of the alter- 

nating cross sectional derivatives are nearly zero, they are not suit- 

able for making integral spectrum measureraentsj however, they are 

suited for making integrcl spectrum measurements if   n, ta large. 

One practical solution to this   I problem is discussed in Appendix E, 
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Since at this writing, there is a la:k cf good resonance cross 

section data, the usefulness cf any analytical method utilizing true 

cross sections 1* so?ewhat aoademi:.   If and when such cross sections 

become available, the resonance tjpe foil may becoma a very usef-al 

device for measuring the differential spectrum In the epitbermal eaargy 

region. 
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7.   TRa MygonaT Ifetftod 

Basic Phllosoplq; 

The basic postulate of this method is that true spectrum para- 

meters can be represented by a linear interpolation between a fixed 

number of empirically determined spectrum Tallies.   Figure 8 is a 

graphical representation in energy space of this postulate.   In this 

case the P;'s are taken as the quantities to be determined by acti- 

vation and calcüation. 

Since the true spectrum is probably a smooth curve, a certain 

amount of error should be expected from such a representation In energy 

space.   By transforming the energy variable into a more appropriate 

variable, it should be possible to greatly reduce this error.   Sons 

possible transformations are discussed later in this section* 

With five unknown   A 's, as indicated in Fig. 8, five different 

foils with independent cross sections would be required for their 

determination (five unknowns — five Independent equations). 

Application to Threshold Type Foils 

General Equations in Energy Space.    JLs discussed previously^ 

threshold type foils are most suited for integral spectral measurements 

in the Hev region (plutoniui»-239 13 an exception to this rule).    The 

following equations describe the polygonal method in the simplest 

mathematical sense; that Is, all correction factors, counter georastriea, 

33 
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nuclear densities, etc., are assumed to be included in the saturated 

activity terms (A^). For reasons cf comrergense and conreniens», the - 

spectrum Is assumed to be exponentially dscreasing above S^.   The 

energy value Ej. corresponds to the highest energy spectral paraneter 

(the energy corresponding to the y - value In Fig. 8)» 

The General Activation Equation Is as follows» 

* A/ 

{30 

■Where:    A^ = saturated activity of i     foil. 

4» = differential flux at energy E^. 

9.j = differential flux at energy E.. 

**» s activation cross section of ith foil. 

4\- = differentisQ. flux at energy E . '' n 
N - number of different foils used. 

For N foils, there will exist K equations of the above type.   By 

algebraic manipulation, these equations are transfcmed into the 

following! 

tu. 
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K'- Cub   + t-aK * ^*3 —" C*A 

Inheres 

J 
For     - 

J s   -2/ ?/ ^. '" //-/ 

03) 

f*. 
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In matrix syiribolis»! 

(A) s (C) ij) (3V) 

Solving fco* f> t 

th ' (C)-1 (A) (3?) 

Since threshold detectors are most suitable for determining inte- 

gral HUX, C^ (3), the inwrseCC) matrix should be multiplied bj the 

integral matrix« (l). 

(J)s (i) (f)»(i) (cr1 (A) (3A 

For this particular polygonal method, the (I) matrix is the 

followings 

(i)-- 

*>*'/x A.-'i+^f? 
2. 

**ei/Z . . . -V/fV j. z,,^ 

9 
• 
• 

* 
« 
• 

• * 
• • 

—              -     /'39 

... . (37) 

Note that all elements to the left of the diagonal are zero. 

The construction of the integration matrix is based upon the follcving« 
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f. = Qmd* - [Iti'jvx +[*±±±'l*lC3 

+[^] ^ — [*i^iij ^ ^i + 

'  • •    '.37 ^v (3^ 
> 

The last term is 1.39c!)N, for f00 e",72^E"EN) ^ - L39 

In stanraaiy, the following procedure is indicated for obtaining 

Integral spectrum information by this method» * 

1.    Several foil materials whose cross sectional deriratives are 

quite Independent are selected. 

2«    (C) is computed by "hand".    A set of E 's are selected for the" 
J 

integral limits; each is selected from the energy region in which the 

1th cross section is varying between its minimum and saturated value« 

(The E-,s selected hy using the polynomial method described in the 

next section may be the best*) 

3«    (C)      is conputed by an electronic computer. 
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4«   The (I) id)     xaatrix is confuted for the Ej's used in the (C) 

calculation«   An electronic con^uter is meat conveniently used Tor this. 

3»   upon completion of the nuclear measurement, (I) (C)      is 

multiplied by the empirically determined A 's (a simple "hand'  calcu- 

lation)* 

6, The result of step 5 yields the   O • 's, 

7, If the (I) (C)"1 matrix is poorly conditioned, a nev set of 

£.*s are selected and the calculation is repeated« 

The Definition QX. Gay» Happy, and Sad.    As mentioned, previowsly, 

a spectrum hairing a form similar to the fission spectrum is expected 

to be found in the Mev region.    This fission spectrum function is a 

rapidly decreasing function in energy; hence, the integral flux above 

8 Mev is much less than that above 2.   Since the polygonal method» in 

energy space, is based on a linear extrapolation between energy values, 

the error involved in approximating the true spectrum may be signifi- 

cant.   The error involved is the integration error which results from 

approximating a continuously varying spectrum by chords (see Fig, 6), 

It is believed that better results may be obtained if a new function 

is generated that will give a linear fonaulation with regard to the 

fission spectrum, for the fission spectrum is a first approximation 

to a reactor generated fast neutron spectrum.    If correctly determined, 

this new function would serve the saae purpose in the Mev region as 

does lethargy in the 1/E region.   Like lethargy flux in the 1/K region, 

the differential flux with respect to the new function would be a 
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constant in the Vier region.    (The differential flux in energy would t* 

sharply decreasing with increasing energy.) 

It has been shown that the following is a fair approximation, of 

the uraniun-235 fission spectrumt 

<j> (E) a cVi~ e-«775£ (3g){ls662] 

where C is a constant. 

The new function, called "gay* , is defined so thatt 

T (s) s a constant for a pure fission spectrum, where g = gay. 

The derivation of gay is as follows» 

$(*)dB = err c'77ired£ =  (peg) dg 

4>(g) ~ Cff c'        de/<Jg -   cows Id Ht -C, 

5, 
<ig '  CXVT c'77S'e de <§

r-- ca l" ^ e'™*<le 

let   y -   .77$ e dy -    .77S d? 
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g*C3 )    fye   dY 

let   U2 *Y 2k,Ju' ' 0V 

By parts. ^ ^ y^^ 

The first term of the above equation can be evaluated directly} 

the integral can be evaluated by using tables of the standard error 

integral» 

The constant, Co, is arranged so that Baax ^ ^•0 'fch^s corre8" 

ponds to an infinite energy.    By numerical eraluation, C« has been 

calculated to be equal to I.I3.   Figure 9 is a plot of gay versos 

energy« 

The relationship betveen   Y (g) and  y (2) is, by definition« 

the followingt 

^(E)  r    ÄCg) -H- -   '^(g) CVT  .-775» 

s   !if>(g)  • Fission Spectrma (^0 
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2iow, at any gay, the differential flux can be found by multiplying 

Vc ^^ ^n tlie AssiOQ spectra tabulation (Appendix C) by tbe appropri- 

ate value of 4* (g). 

For reasons of presentation clarity,  O (g) is called the 'sad* 

flux;   \       6 (g) flg is called the "happy* flux.   A reason for thes» 

naaea la that the integral of & poorly "behaved* function is better 

■behaved"} hence, "happy"   is better "behaved" than Is •sad*. 

General Equations j.n Gay Space.    With the exception of the last 

tera, the polygonal equations in gay space are identical in form to 

those in energy space.    The A^'s, which must have the same numerical 

value as before, are as follows» 

4* \ <n(p % (•**> 

Note that the Nth term is of different form, 

Except for the C^j coefficients, the general coefficients are 

identical in form to those used in energy apace. 

The Nth coefficient is as follows: 
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. i w % - frr- \ 

The general procedure for utilizing this method is the same as 

that used in energy space.   Once the happy flux is computed, the energy 

flux cam be found by multiplying happy by the appropriate value in the 

fission spectrum tabulation« 

Discussion a^d Conclusions«    The determination of the proper Ej's 

or gj's is probably the greatest problem encountered in using the poly- 

gonal method.   Calculations using hypothetical cross sections have been 

made in the attempt to find some general selection criterion which 

would not ixnrolTe numerical iteration procedures.    The results of these 

calculations have not been successful; ho.eTer, the energy parameters 

(Ej's) found to be suitable for the method described in the next section 

(the Bslynomial Method) may be the correct ones to use.    It is hoped 

that this can be inrestigated in the near future« 

If cross sections existed which were of the idealized threshold 

type, then the proper Ej's or g^'s would be at the respective thres- 

holds.   On the other hand, in this pleasant situation the Trice Method 

would give equally accurate results. 



GMB-9 i!5 

Applicallon t£ peaonapcg. Type Fojls, 

V/hexeas gay vas believed to Lave general usefulness in the fission 

apecvra region, it is believed that the best general function to b« 

used in 1/E region Is lethargy, ^t • 

-tt • Inja- (^^/^ 

«here E0 is some arbitrarily selected high energy. 

In a puro 1/E flux,  S (U.)  is a constant and is related to <£-'£} 

by the following« 

j> (it) = E5}(Z) (^> 

The genera* equations f\nd coefficients of the polygonal aethod 

as applied to the 1/E region are of the same form as those used In the 

fission spectrua region.   When used in the 1/E region, lethargy replaces 

gay, and the top limit of the last integral becomes zero If the calcu- 

lation is taken to the £Q of lethargy.    It would probably be cosrenlent 

if E-j were selected as 1 Mev and the resonance region assumed to end 

at this energy,    (In most cases, very little error would rösult in 

doing this.) 

If the limits are taken in ascending order of energy, the A^'s 

cr all the Integrals should be multiplied by a negative sign,    ^3x9 

reason for this is that lethargy decreases as energy increases, 

Since the resonance typo foils are most applicable for the deter- 

mination of differential flux, the Integral matrix would not be used. 

The correct u.'s should be more easily determined than in the threshold 

detector situation, for the resonance cross sections are quite sharply 
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peaked.    If the  c^^'s are large, the u.'s should be the lethargies 

corresponding to the maxlmuta cross section values; if the   (£ i*a ere 

small, the u.'s will be soaevhat different*. 

The polygonal method is not presently suitable for use In the 

resonance region because of the lack of data regarding the true cross 

sections of suitable materials.    However, it is hoped that a test 

calculation involving hypothetical cross sections can be made in, th» 

near future«   The results of this calculation should give an indication 

of the validity of the polygonal method when applied to the 1/E spectral 

region* 
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Tl.    3^e Polynomial. Method 

Basis. fbUosgpto: 

The basic postulate of the polynomial method is that the differ- 

ential flux can be represented by a polynomial, the degree of which is 

one less than the nuaber of detectors used.    It is well known that any 

function can be represented by an infinite series; however, when this 

series is reduced to a polynomial, large errors can occur in the repre- 

sentation.    In order that representation errors be reduced, the infinit» 

series must be rapidly converging over the interval.      If this is the 

case, the first few terms of the series will be sufficient for fairly 

accurate representation of the true function. 

Application tq Threshold Type ffo^j? 

Gepera^ Rjuations la JEnerA;/ Space.    The assumption is made that 

the following expansion is possible*} 

$te) =  <j>0(e) [«o +aie  + ^ *■ "■ **"'*"] Mt) 

*   If one of the foils (such as plutonium) has an appreciable cross 
section in the region of 1/E spectral dominance, the following 
equation should be used in place of £q..  (46)« 

The representation of Eq, (!j6) is not satisfactory because the 
fission spectrum decreases at low energies whereas the 1/E spectrum 
increases. 

47 
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Where:   N is the number of differeat detectors used« 

(p 09 is the oozmallzed Zlsstaa. spactrunu 

The activit.'.es, A^'s, are written as follows» 

p*0 to 

Al -  \ 4(e) tye) <Je  =   \ üje)^ + (t,e + "•] %(£) JF 

Expanding i 

4 "  ao \  fa) ri(e) <*?*■&,{ fa) P <f~ff) JF     + 
Jo «Jo 

o 

In order that a digital coaputer can easily handle the required 

calculation, the following change in the equations is made» 

(1)'   X is substituted for E/10. 

/•00 

Now, A^ becomes the following» 

where        (f)(Z) = 10    <f> (E) 

and   <^(X) a      ^/X)^ a0t a.X »a2z2 f ••" ajj.ji " J 
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For M foils« each with relatively "independent* cross sectional 

derivatiTes, the following matrix equation can be generated! 

(A) = (C) (a) (*o) 

Where (C) is the matrix of the calculated integrals; that ist 

M 

e 

Solvir^ the matrix equation for (a)i 

(a)  = (C)-1 (A) (i'l) 

Deteraining the a.•a by thie method,    <B (X), and therefore   «p (E), 

can be theoretically found for any £ or X, 

Recalling that threshold type detectors, are best suited for inte- 

gral measurements, the following technique should be usedt 

Leti     fö (x)) « (I) (a) to> 
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where (I) is the integral matrix depending upon Z« 

Motfi 

(I)  (a) s (I)  (C)-1 (A) s (J (X)) («) 

The determination of which energy values to use in the integration 

is done as followsi 

1.    Several X values are selected and the following integration 

vector is computed for each X.    (This integration vector is one row of 

the integration matrix.)     The X values are selected from the effective 

threshold energy regions. 

Upon completion of the above computation, each integration vector 

(7)  is multiplied by (C)-1 to form (J) (C)"1, 

For one particular X, the resulting vector will most closely 

approach one of the following formst 

Z.    ( «ta4        tct      **„    ) 

where the K^ of each vector is maximized with respect to the 

m;j    »8. 
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Form 1 Is approximated when X values corresponding to the first 

(A,) detector are used; Form 2 is approximated when Z values corres- 

ponding to the second detector (A^) are used« etc« 

By this procedure, one detemines the E. which leads to the best 

vector.    The best vector is the vector which gives the minimum error 

for an error in the activation*   These vectors are then used to gener- 

ate a square matrix, the ideal form of such a matrix being the following» 

'k. - - - 

(k)   -- lc3 - - 

<—     -     —    —    V (*f) 
Taking the product of this matrix and the A4 matrix gives H values 

for  <£ (X),    In this canner, it is believed that the best integral 

flux infoimatlon is generated, 

(£ tt)) -- cow (n) 

For the ideal cases 

/•V 
§i = K^, = J   4MJx 
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Which is the fowaulism of the Trice Mnthod; however, in this case 

the true cross sections have been used, and the assumptions regarding 

the spectrum Lave been less constraining« 

General Equations is Qsi §!&£&» TJi» polynomial used in energy- 

space «as selected almost arbitrarily; however» some types of polynooials 

should be better .than others when applied to the neutron spectra prcblam« 

A theoretical method of selecting a 'best* polynomial is not known by 

the author; however, a polynomial in gay space seems to have some advan- 
m 

tages.    Let such a polynomial be represented by the followlngi 

As in energy space, only the a will be non-csero if the real spec- 

trum is a fission'spectrum; however, in gay space the anticipated spec- 

trum is more properly weighted, for the fluz-spectrum assumes more 
« 

importance at low energies than at high ones« 

A practical advantage in using the polynomial method in gay space 

is that the calculations are greatly simplified. The loss of the 

(pvOO  weighting factor, particularly in the integration vector, is 

responsible for this simplification« 

The procedure for using gay rather than energy in the polynomial 

calculations is the same as before, with one exception — Ö0 (E) is 

no longer used« 
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An example of this change follows i 

f10 r10 *'0 ^lo 

o vo 

Cn = \ ^i^^r (^ 

The integration vector» J, becomes the following! 

If)   r   (gf     gW     g%    ■'•   g"/*) (U) 
(This can be simply calculated by hand for many values of &•) 

'    Once the cross sections as a function of gay are computed, the 

remainder of the calculation can be mads in a simple manner.    Tn cal- 

culating the cross sections, care must be taken with materials haying 

high-energy thresholds, for the gay intervals, as compared with those 

of energy, are very, small in the high energy region. 

By forming a matrix of the best (JKO"1 vectors, the happy flux 

is obtained, as before, by multiplication vith the activity matrix. 

The happy flux can be easily transformed to energy flux by simple 

conversion of gay to energy, for the following quality is true by 

definitions 

J(g) =i£o5). ^> 
where g and £ correspond. 
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This method has not yet been tested using materials having suffi- 

cient independency in their cross sectional deriratires.    It has heea 

found that very poor results will be obtained if two of the cross sec- 

tional derivatives are quite dependent} i.e., sulfur-32 and phosphor-31« 

(The    Cp(g) matrix becomes very poorly conditioned.) 

A-pplication to Resonance Tvpq Patectors 

In the resonance region it seems plausible that a polynomial in 

lethargy could be used.   A possible polynomial is the followingi 

(j>(u) =  ti0 + a,,u   + a2u
x *■ "* a,N_lu

A''1 ((,3) 

Using the procedures described in the previous subsection« a 

matrix equation for the A.*s can be found. 

(a) = (C)-1 (A) M 

The A 's calculated in the foregoing manner are the coefficients 

of the lethargy flux polynomial? hence, in theory the lethargy flux 

becomes known for all lethargies.   Practically, this is probably not 

true, for the polynomial will most likely represent the true lethargy 

flux at N lethargies only» 

Each of the N lethargies should be selected by the same method as 

described previously for the threshold type foils.    Once the proper 

y>j*3 are determined, the approximate lethargy flux throughout the 

1/E interval can be obtained by cormtructing a smooth curve through 

the   <£• points. 
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VII, Numerical Results of Test Case, 

Usina Polynoiala^ Method In 

Energy Space 

As an indicator of usefulness for practical work, a test case for 

the polynomial method is presented in this section« 

The test is made using the following spectrat 

1. (^ (£) = .OTIS per Hev for all S less than 14 Vier* 

(piE)  =0 for all £ greater than 14 Mer. (5) 

2. (j>(E) s  ,38/Er per Mev for E greater than 1 Mev and lass 

than 14 Mev» 

(^(E) - «38 per Mev for S greater than 0 Mer and less 

than 1 Mer, 

<j?(E) » 0 for E greater than 14 Mer* (f) 

3. (^(E) = «0102(14-E) per Mev for E greater than 0 Mer 

and less than 14 Mer. 

<^(E) 2 0 for E greater than 14 Mer» (f?) 

4. (^(E) = #454e'
E/,965 sinh ^2.29E per Mer for all E. 

(The California fission spectrum.) 

The materials and specific reactions used are as followst 

Np237(n,f) ~H- <rr 

U238 (n,f> — 1 

55 
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S32(n,p)p32   _ 

Si2e(n.p)Al28 

Al27(n.d)Na24 

—   0 
56 

These materials are the most independent of the group of seven ° 

found in Appendix B. ■ 

The (C) matrix,, as calculated .by the 'rfright Air Development Center 

üniTac-1103, is as followst • 

'1178.6 289.18 IO3.15 49<.727 •30.021 \ 

292.28 88.390 32.836 15-051 •8.3735 

64.551 26.782 12.689 ^.8942 4.2864 

4-5385 3.3009 2.491 1.9579 I.6059 

.38225 .35128 3.314 -.3211 .31925/ 

/, 

The inverse (C) matrix. (C), is as followss 

009345 - .05221 .09593 - .2460 .4400^ 

- .09481 .6725 -I.55I 4.090 -8.467 

.03085 -2.464                      6.658              -20.11                  47.37 

- .3889 3-315 -9.802 34.85 -94.07 

,1640 -1.453                      4.538             -I8.38 57.35 
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(j) (c)     vectors for several energies are as follovss 

B       JCj JC2 JC JCjj JC 

«^d 7.565X10-1» -6.979x10-5 -3.868x10-1» -2.$6lxl0-3 -3.3983aO"3 

•7 6.001XI0-1* S.755X10-1* -1.127x10-3 ^,$$2x1.0'^ -5.73lwclO-3 

.8       U.öaSxiO-1*     1.089x10-3   -1.^x10-3    CafifixlO"1»   -6.955x10-3 

1.2       l.OUxlO-1»     2.02SxLO'3   -l.Uli33clO-3     1.822xl0'3   -lt.582xL0o3 

*l,h       7.999XL0"6     2.008x10-3   ^.072xlO-J»     7.ß21xL0-1*   -.L^xiO*3 

1.6     ^.313310-5     1,800x10-3     U. 275x1.0-^   -S.657XLO-1*     1.621x10-3 

»2.8     -2.282xlO-6   -l.li^xLO"1*     li.$73xiOw3   -2.732x10-3      2.031xl0"3 

3.0       1.327x10-5   ~3.259xlO''1»     U.605xlO-3   -1.836x10-3   «2.753X1001* 

5.0       2.177xlO'5   -2.U3lixlO-1»     l.;092xlO-3     6.7li6xlO-3   -1.077xl0-2 

5.2       1.669x10-5   -1.828x10-1»     7.899x10-1»    6.821x10-3   -9.690xlO"3 

♦5.!i       1.193x10-5   -1.278X10-1*     5.302x10-1»    6.752xlO"3   -8.352x10-3 

8.0     -3.898xlO-6     3.923x10-5   -l.lJ72xlO-l»    9.35bclO-U     9.1i93xlO-3 

8.2     -3.033xlO-6     3.015210-5   -1.108x10-1»    5-685x10-1»     9.983x10-3 

*8.U     -2.131xi0-6     2.082x10-5   «7.1411010-5     2.101x10-1»     1.033xlO-2 

Tb« starred notation indicates the best vectors to use.    The 

selection method used Is described on page 50.   It should be noted 

that certain dependencies and poor selections of cnergj values exist. 

The best vectors are summarized by the following» 
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.6 Her ^ Her.

l.}t Ber « Z2 < 1.5 Ber.

2.1 Ber < 3.0 Bet, depeadeacs with U-238 and Si-28 1#

indicated.

5.U Bisw ^ Zjj, lack of evidence regarding dependence (sho'uld find 

dependence with S-32).

8.U Bev £ Z^j again with lack of evidanca regarding dependence.

The notation -need above indicates the energy range in which tha 

beat Ej sboiiLd be fotmd. The vectors can be cptindasd by perfoiadsg 

further calculations within the energy intervals. It is noted that the 

and B^ guesses were quite in error.

As an aid in visualizing the qualitative differences between the 

vectors, the vectors can be iniltlplied by the first row of the (C) 

matrix (this generates the flux equaticn for a normaUaed fission spe>> 

trum). The following vector array has been coagputed In this roamsr.

E (Mev) (j) (C)-^ U)

* .6 .890 «*.02 -.025 -.0116 -.00130

.7 . .705 .268 r.072 -.0025 W.0C219

1.2 .119 .591 ~.0S>^ ' .00825 -.00175

* l.U .009U2 .565 -.0388 .0035U -.C00555

1.6 -.0508 .526 .0277 «.ck)256 - •000616

M
--. - .-- o. .-- OA W.-. / A^ V. oA- .<V- -.v'.-- -. •-1 -

. - A--. .■>y. -V.-...
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S (M«>) 

-.90268 -.0U21 

(J) (a)"1 (A) 

.296 -.01235 » 2,8 .000776 

3.0 .0156 -.095 .297 -.00830 -.000105 

5.0 .0256 -.071 .070U .030U -.ooia2 

5.2 .0196 -.0531 •0510 .0308 •..0037 

»5.1» .om -.0371 .03li2 ,0306 -.00319 

8.0 -.001,57 .01l)i5 -.0095 .ooltfU .0362 

8.2 -.00356 .0088 -.00715 .00256 .00381 

*8.U -.00251 .00606 -.OOU79 .00108 .0039U 

From the preceding array, the best E 's can be selected (the 

starred values). 

By taking the sum of the elements In each row, the fission spec- 

trum integral flnx fcr the particular SJs can be found. The result« 

of tills addition are as follows» 

E (>•*/./} 

.6 

1.2 

l.ll 

1.6 

£(E) > calculated 0(E) 1 tru» 

.832 .835 

.796 .799 

.623 .625 

.559 .560 

.500 .501 
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2.8 

3.0 

5.0 

5.2 

5.U 

8J0 

8.2 

8.U 

It is believed that the results can be considered as satisfactory» 
0 

Figures 10 and 11 are the graphical results of the test calculation 

mentioned earlier in this section. The activities used were numarically 

calculated by using the test spectrum and the true cross sections* The 

(J) (C)  vectors used were these corresponding to B 's of 0.6, l.U, 

2.8, S»U,  and 8.U Mev. Worse results vere expected from the J)«U and 

8«U Mcv calculations than what actually occurred» 

0>(B) calculated $(E) true 

.2li0 .239 

.209 .209 

.0513 .0515 

.0lilj6 »omi 

.0386 ^383 

.O0S2U .00521 

.00liU6 .0014U5 

.00378 .00379 
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VIII.    Conglnad'ais 

Several methods fcr citalning nstitrcn lltac-spectra ir-forsutioa. 

have been presented*    The simplest of these Is the Trice Ketbad; 

however, this method is also the mcst inasrtrats«   Vhere the Trice 

fast-neutron method gives results acrtcrate to   t £o£ for Tarloza spec- 

tra, the polynorcial nethod In ezergy spa» redases this erxcr V> * 10% 

even when the polyncaial integral matrix is net optimized.    (See the 

Trice method and poljrsinial test case results.)   The pcljnoaial method, 

optimized in gay space s should give evan better results.   On the other 

hand, if the available cress sestitns are nst suitably orthogcnal, 

the Trice methods are the most useable« 

The most diffic-clt netbod to werk with is the polygonal method, 

for E. selections must be nada before the (C) matrix can be calculated« 

It is hoped that the results of the "pclynsmiai cptlsisaxicn'caa 

be published in the near future« 
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Appendix A 

The Calculation of First-Collision Energy Absorption from Spectral Data 

The first-collision dose rate in a material undergoing Irradiation 

can be approximately calculated from the followlngt 

Where;     J^ » (■—-) • A being the mass maziber of the material» 

fickle) s macroscopic scattering cross section of the 

irradiated material. 

E  s neutron energy in Mev, 

^CE) - differential neutron flux in neutrons/cm *sec'Mer« 

OCBJ)  S dose contvibuted by neutron« of energy Z. and 

graater« 

Knowing <^(E)» the dose rate can be calculated*   Under some 

circumstances only values of \ ${&) dB are available.    If the 

scattering cross section is approximately constant, the dose can be 

calculated ts followst 
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i^ - xP^^^ * '-r^ ^fax" Die 

IntegratiDg ty parts viti     U* e ,    ti'-t=<Je,    «/»/-   fie) de 

\l* $B4>C£')<ie' • 

00 00 

P^)-t.^^J[Fff0-^)i]|       -    J^t^-J^J^j 

vhere: 

,0> z»07 

^VB'IJB' -- J   cf>Ce'idB'~ J lie') a?' =   £, - f^) 

After eubstlt-ütlon of II'TIIU-S/the following is obtained: 

0^) =   'x 2S1% Pi) * j^f^ ^ J 
If $(E) IS 3a:own, the doss rssslved in srr energy intervsl can be 

obtained. 

For aa energy dependent Etatt^ri^g cross zz-.tion, the follcving 

formula can be used: 
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t& 

idiers It has l-eei essumei thzt      \    fte) Jg ■zO 

Die derlvatlcc of ths abovs f orau"^. vss mais in ths same aarriir 6S tiat 

for tlia cons-tent sc^ttez-lng cross eection. 
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Appeadlx B 

CcnrpUatlon of (n.-p), (n,^), and (c^f)   Cross Sectloms 

The following Is a tabulstion of cross sections for- swsral Hbrs&i-i 

and fast-flssloa type detectors.   In nsry cases the cross-ssctlans hsve 

"been "smoothed" for reasons of calculstlsrtsl convenience,   ühe sa-rrasa of 

data are the same as those listed in Tal>le 1. 

Key 

V   Hp^'W) 

Oi  U238(n,f) 

(Tj   p31(rup)Si31 

^   S32{^p)?32 

<rs  Al^n^p)^27 

(r7  Al^Cn^d).^2 

02     ltdts of 10"^ hamsCnb) 

P    Ifcits cf Ms7 

69 . 
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<r, öV <r* 

0.1 0 0 0 0 0 

0.2 25 

0.3 66 

o.J» 165 

0.5 390 • 

0.6 6U0 0 

0.7 900 1.5 

0.8 1060 3 

0.9 0180 21 

1.0 1250 15 • 

1.2 1350 U6 

l.Jf 1370 150 

1.6 11400 IflO 0 0 

1.8 lUoo 1*90 5 15 

2.0 1U20 530 10 25 

2.2 11*50 5^0 28 " 50 

2.1* 1U50 550 35 80 

2.6 1U50 550 50 .80 

2.8 1U50 • 60 100 0 

3.0 1U50 5»* 130 1 

3.2 1U60 71 165 2 

3.1* lUyo 550 68 220 1* 
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e <r;           ri «3 <r„ Or a G 

3.6 11*70       SffC '              71 225 6 0 0 

3.8 11*80 80 215 6 

U.O li*90 80 230 7 

U.2 11*90 80 260 8 

h.h 11*90 80 265 10 

h.6 11*90 80 265 16 

k.B 11*60 80 270 18 0 

5.0, 11*50 79 275 20 10 

5.2 11*50 79 280 25 ik 

5.^ 11*50 79 280 27 27 

5.6 1500 79 285 32 33 

5.8 1600 79 285 36 1*1* 

6.0 1700 79 290 1*0 60 

6.2 1800 79 295 1*1* 77 0 

6.1* 1900 79 295 W no 1 

6.6 2000 79 300 51 11*0 3 

6.8 2150 79 300 55 150 1* 

7.C 2250 79 305 60 170 5 

7.2 2300 19 310 62 180 7 

7.^ 21*00 79 312 70 190 9 

7.6 21*50 79 315 7^ 190 13 

7.8 2500 79 3i5 76 200 17 

8.0 2525           5K>           78 320 78 210 21 
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8.2 2550 

8.^ 2550 

8.6 2550 

8.8 2560 

9.2 2600 

9.^ 2600 

9.6 

9.8 

10.0 

u 
12 

13 

Ik 2600 550 78 

322 79 220 26 

32l» 80 03 

326 37 

320 51 

332 58 

33^ • 67 

336 75 

338 86 

3'JO 93 

350 no 
360 * no 
365 no 
370 80 220 no 

9 
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Appendix £ 

The Normalized Vatt and California fission Spectra 

The following is a table of ordinates and integrals for two conmonly 

used uranium «233 fission spectra functions*   The functions have been 

normalized such that    \    q> (e) JB * l     au</     \    p Ce] Je  * I - 

■ ^v^ ~ ^^ e"    sitilx ft®   ~ The Vatt Spectnua    L'3l 

. -S/.965 ;  
<pc(E) ~ .454 e ßinli V2T29E   « The University of California 

Spectrum    £ • 3 

where:.    E is the neutron energy in Mev. 

The Vatt Spectrum 

EjCKaT) ^(E) J/j ^CEidE (j)(E)äE «^CE) 

oa •202 .., .0140 
-" 

.9860 

0^ *267 .0377 .9623 

0.3 .306 •0663 .9337 

0.4 .330 .0987 .9013 

0.5 .345 .1321 .8679 

73 
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SjCMav} M*) V***™** SJJ 4'w(30dS s hie) 

0^ .352 .1669 .8331 

0*7 .355 .2027 .7973 

0.8 .354 .2385 .7615 

0.9 .351 .2729 .7271 

1.0 .344 •3082 .6918 

1.1 •337 .3425 o6575 

1.2 .327 .3759 .6241 

^^ .318 ,     .      .4074 .5926 

- 1.4 .307     . .4383 •5617 

1.6 .284 .4983 »5017 

1»8 •260 .5631 .4369 

2.a .237 •6028 .3972 

2.5 .184 .7073 .2927 
 ^T531J=i-~ 

3.0 .138 .7876 •2124 

3^5 .1025 .8476 0I524 

4.0 .0748 .8914 .1086 

4.5 .0538 .9192 .0808 . 

5.0 .0384 .9463 .0537 

5*5 .0272 .9624 .0376 

ft 6.0 .0191 .9739 .0261 
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^(Ifev} £U) r W 
6.5 .0133 »9321 .0179 

7.0 9.31 x 10"3 •9876 .0124 

7*5 6.43 x 10"3 .9916 •0084 

8.0 4.i*2 x 10"3 
.9943 •0037 

8.5 3.04 x IOT3 .9960 •004a 

9.0 
»3 

2.07 x 10 -* .9973 .0027 

9.5 1*42 x 10**3 .9982 •0018 

10*0 9.53 x 10 .9987 1,21 x 10 ^ 

n. 4.38 x 10 . .9994 5.50 x 10    • 

12, 1.99 x w"* .9997 2.47 x 10"* 

13. 8.95 x lo"^ .9999 
-4. 

1.10 x 10 * 

14. 4.0Q x 10 ^ .99995 4.87 x lO^5 
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BjCMeri W^ CUcW W 

2.2 .218 

2.4 .196 

2.6 •175 

2.8 .156 

3.0 .138 

3.2 .123 

3.4 *109 

3.6 .0956 

3.8 .0840 

4.0 .0742 

4.2 •0660 

4.4 .0564 

4.6 .0491 

4.8 .0435 

5.0 .0375 

5.2 .0326 

5-4 .0284 

5.6 .0246 

5.8 .0214 

6.0 .0184 

•650 .350 

•691 .309 

.728 .272 

•761 .239 

.791 •209 

.817 .18) 

»840 .160 

.861 .139 

.879 .121 

.894 .106 

.9084 .0S16 

.9206 .0794 

.9312 .0688 

.9404 .Q596 

.9485 .0515 

.9556 .0444 

.9617 .0383 

.9670 .0330 

.9716 .0284 

.9755 .0245 
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BjfH^ ^or> So1 4«« hv 
6.2 .0159 .9790 .0210 

6.U .0138 .9819 .0181 

6.6 .0119 .9815 .0155 

6.8 J01D2 .9857 .0133 

7.0 8.80xL0"3 .9886 .onu 

7.2 7.58xlD"3 .9903 9.75x10-3 

7.U 6.52x10-3 .9917 8,34x10-3 

7.6 5.55xL0-3 .9929 7.13x10^ 

7.8 U.83xL0-3 .9939 6.09x10-3 

8.0 U.llxL0-3 .99li7 5.2ixio:3 

8.2 3.50x10-3 .9956 4,Ji5xio-3 

8,1* 3.07x10-3 .9962 3.79x10*3 

8.6 2.60x10-3 .9968 3.22x10"^ 

8.8 2.?1xl0-3 

1.89x10-3 

.9978 

.99S1 

2.7UxiO-3 

9.0 2.33x10-3 

9.5 1.26x10-3 .9987 1.5)ixlO-3 

• 

10.0 8.30xlO-,* .9992 1.02x10-3 

io.$ 5.6?xlO-1i .999U 6.69x10-'* 

11.0 3.83x10-'* .9996 ItOSxlO"1* 
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Sj (Her) (J>cte) 
J0 

^c(E)dS #Ä> 

11.5 2.6lxL0'U .9997 2.72X10-1* 

12.0 i.Tfoao-1» .9998 1.625x10-1» 

12.5 1.08x10-1* .9999 
• 

9.15x10-5 

13.0 7.3QrLO-5 .y> ; 5.12x10-5 

13.5 U.91xL0-^ .9999 2.07x10-5 

llt.O 3.32x10-5 1.0000 



GNB-9 

The» Derivation of an Activation Identity- 

It is the purpose of this appendix to derive the following 

relationships 

Vhere»      /} s   the activation function* 

<r(t)~   ^be activation cross section as a function 

of energy—threshold type foil. 

/ ^)(£) -    the differential neutron flux, 

E   Z   the neutron energy 
i • 

^£J - J   $W)£e'   -       the integral flux 

Integratiiig the first integral by parts, 

1*° to 

o o 

TChere»    ffojc    \   ^.(f) </£ 

Noting that    $fa>)a-Oi   •»««/   «oj * ov 

Therefore, y«*0 
e . 

o 

80 



GN1U9 

Appendix K 

Activation Shielding with Boron 

One practical solution to the d problem discussed on pa-e 31 

may be to cover seach foil with a sufficient quantity of boron«   Boron 

has an almost pure 1/v cross section for activation« 

Using a boron covering results in a reduction of the number of 

low energy neutrons traversing the foil. Such a situation could be 

responsible for improving results, for the apparent   d's are increased« 

1   =   -activation due to resonance cross section 
activation due to 1/v cross section 

The activation shielding with boron can be calculated from the 

following» 

'■i 
Wherei c *     *  the boron transmission factor« 

£,,,/ Hr^ s the boron macroscopic absorption 

cross section at 2200 m/sec neutron 

velocity, 

E B  the neutron energy in ev. 

t   -   the effective thickness of the boron 

cover,  (approximately 2 times the 

true thickness in an Isotropie flux)« 
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<JCe)   -    the actiTation cross section of ths 

rsscncncs detector« 

fas) s   the differential neutron flux» 

The above equation can be written as followst 

^eo 

A *  \  TCe)^(<r--(rr„') + <rVrt] </(e) JF 

ieotn 

Ä TfO \ ^ ^^ ''^  4 J Tf0 r ^fe) ^^ 

/. pit»** 

Wheret T(E) s the transmssion factor previously defined« 

(T - the total activation cross section, as a 

function of energy, of the resonance detector. 

<rr< s the resonance cross section, as a function of 

energy, of the resonance detector. 

'3^) r the value of tiie transmission factor at 

the energy of the resonance« 

<$>Q r tha neutron f luz per unit lethargy. 

If the second integral of the preceding equation is negligible 

coaipared with the first, an opportunity fcr determining <p0 exists. The 

second term is made suitably smnll by proper sleet ion of t. Thirty 

thermal neutron relaxation lengths should be sufficient; therefore. 
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"t should ba approximately «03 inches.    To insure that thermal neutron 

protection is present, a s^all thickness of cadaium should be placed 

between the boron and the detector. 

V' 
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